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le properties of strongly 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h, Heisenbergstr.1, 70569 Stuttgart, Germany
(Dated: Deember 1, 2018)
A brief aount of the zero temperature magneti response of a system of strongly orrelated
eletrons in strong magneti eld is given in terms of its quasipartile properties. The senario is
based on the paramagneti phase of the half-lled Hubbard model, and the alulations are arried
out with the dynamial mean eld theory (DMFT) together with the numerial renormalization
group (NRG). As well known, in a ertain parameter regime one nds a magneti suseptibility
whih inreases with the eld strength. Here, we analyze this metamagneti response based on
Fermi liquid parameters, whih an be alulated within the DMFT-NRG proedure. The results
indiate that the metamagneti response an be driven by eld-indued eetive mass enhanement.
However, also the ontribution due to quasipartile interations an play a signiant role. We put
our results in ontext with experimental studies of itinerant metamagneti materials.
PACS numbers: 71.10.Fd, 71.27.+a,71.30.+h,75.20.-g, 71.10.Ay
I. INTRODUCTION
The interplay of strong orrelation physis and mag-
neti behavior in itinerant eletroni systems has been a
fasinating subjet for many years. At low temperature it
is often possible to desribe the response of suh systems
in terms of the low energy exitations and quasipartile
properties suh as in a Fermi liquid piture. The ratio of
the spin suseptibility of the interating system χs and
that of the non-interating system χ0s is then given by
the expression
χs
χ0s
=
m∗/m0
1 + F a0
, (1)
where m∗/m0 is the ratio of eetive and bare eletroni
mass, and F a0 is the lowest order asymmetri Landau pa-
rameter, whih aounts for quasipartile interations. A
speial kind of response is metamagnetism, whih we de-
ne here as the existene of a regime where the system's
dierential suseptibility χs = dM/dH inreases with
magneti eld H , i.e. dχs/dH > 0, for H ∈ [H1, H2]
with H1 > 0. The subjet of this paper is the analysis
of the metamagneti response in orrelated eletron sys-
tems in terms of the Fermi liquid desription (1). For
this we alulate the eetive mass and the term due
to quasipartile interations from a mirosopi model.
This allows us to understand what drives the magneti
response. This an be relevant for the interpretation of
experiments for itinerant metamagnets where the mag-
neti response is measured simultaneously with the eld
dependene of the spei heat.
In a naive single eletron piture itinerant metamag-
netism is not intuitive as with inreasing polarization
the magneti response usually dereases. For instane,
in weakly interating systems, suh as a Hubbard model
with small U , with a featureless onave density of states
metamagneti behavior does not our. RPA based al-
ulations yield a dereasing suseptibility with inreasing
eld as spin utuations are suppressed. On the other
hand, a onvex density of states, i.e. with positive ur-
vature at the Fermi energy, suh as in the Wohlfahrt
and Rhodes
1
theory an lead to metamagneti behav-
ior. This is exploited in a number of works, where the
Hubbard model with suh onvex density of states is
analyzed
2,3
. Metamagneti behavior is shown to also o-
ur in situations where the Fermi energy lies lose to a van
Hove singularity
4,5
, or where a Pomeranhuk Fermi sur-
fae deformation instability ours
6
. It has been shown
by alulations based on the Gutzwiller approximation
by Vollhardt
7
and Spalek and oworkers
8,9,10
that for a
generi onave density of states metamagneti behav-
ior is also found in the intermediate oupling regime of
the Hubbard model. The metamagneti senario is then
that of orrelated eletrons, with a (Mott) loalization
tendeny due to the interation.
Our alulations are based on the half lled sin-
gle band Hubbard model whih has been used fre-
quently to desribe itinerant metamagnetism for or-
related eletrons
2,3,4,5,8,9,11,12
due to its relative formal
simpliity. We employ the dynamial mean eld the-
ory (DMFT)
11,13
ombined with the numerial renor-
malization group (NRG)
14,15
to solve the eetive impu-
rity problem. We fous on the ase of zero temperature,
where sharp features are most learly visible. We follow
these earlier approahes here and restrit ourselves to the
response of the paramagneti solutions of the Hubbard
model, whih is possible for mean eld-like approahes.
The half lled Hubbard model in a magneti eld has
already been investigated by detailed DMFT studies by
Laloux et al.
11
and Bauer and Hewson
16
. Low tem-
perature magnetization urves and eld indued metal
insulator transitions have been investigated by Laloux
et al. Metamagneti response based on orrelated ele-
tron physis, seen in the Gutzwiller approah, was on-
rmed in suh alulations. Our analysis extends previ-
ous work
11
as we investigate the T = 0magneti response
with a Fermi liquid interpretation based on the eld
dependent renormalized parameter approah
16,17,18,19
.
2This, together with results for the spetral funtions, al-
lows us to identify what gives rise to the magneti re-
sponse in the system.
The paper is organized as follows. In a brief setion II
we give details about the model and method. The Fermi
liquid interpretation and the relation between Fermi liq-
uid parameters and the eld dependent renormalized pa-
rameters are desribed in setion III. Setion IV reports
the results for magnetization, suseptibilities and the in-
terpretation in terms of eetive mass and quasipartile
interations. We onlude by putting our results in on-
text with itinerant metamagnetism studied experimen-
tally.
II. MODEL AND METHOD
The basis for our alulation forms the Hubbard
Hamiltonian in a magneti eld, whih in the grand
anonial formulation reads
Hµ =
∑
i,j,σ
(tijc
†
i,σcj,σ + h.c.)−
∑
iσ
µσniσ + U
∑
i
ni,↑ni,↓.
(2)
c†i,σ reates an eletron at site i with spin σ, and ni,σ =
c†i,σci,σ. tij = −t for nearest neighbors is the hopping
amplitude and U is the on-site interation; µσ = µ+ σh,
where µ is the hemial potential of the interating sys-
tem, and the Zeeman splitting term with external mag-
neti eld H is given by h = gµBH/2 with the Bohr
magneton µB. In the DMFT approah the proper self-
energy is a funtion of ω only20,21. In this ase the loal
lattie Green's funtion Glocσ (ω) an be expressed in the
form,
Glocσ (ω) =
∫
dε
ρ0(ε)
ω + µσ − Σσ(ω)− ε , (3)
where ρ0(ε) is the density of states for the non-interating
model (U = 0). It is possible to onvert this lattie prob-
lem into an eetive impurity one
13
, introdue the dy-
namial Weiss eld G−10,σ(ω). The DMFT self-onsisteny
ondition reads
G−10,σ(ω) = Glocσ (ω)−1 +Σσ(ω). (4)
The Green's funtion Glocσ (ω) an be identied with the
Green's funtion Gσ(ω) of an eetive Anderson model,
and G−10,σ(ω) expressed as
G−10,σ(ω) = ω + µσ −Kσ(ω). (5)
The funtion Kσ(ω) plays the role of a dynamial mean
eld desribing the eetive medium surrounding the im-
purity. Kσ(ω) and Σσ(ω) have to be alulated self-
onsistently using equations (3)-(5). Our alulations
are based on the numerial NRG
14,15
to solve the ee-
tive impurity problem. As in earlier work
16
we alulate
spetral funtions from a omplete basis set
22,23
and use
higher Green's funtions to obtain the self-energy
24
. For
numerial alulations within the DMFT-NRG approah
for ρ0(ε) we take the semi-elliptial form for the non-
interating density of states ρsem0 (ε) = 2
√
D2 − ε2/piD2,
where W = 2D is the band width with D = 2t for the
Hubbard model. t = 1 sets the energy sale in the fol-
lowing.
III. FIELD DEPENDENT RENORMALIZED
PARAMETERS AND FERMI LIQUID THEORY
The response of a metalli system of orrelated ele-
trons an often be desribed in terms of Fermi liquid
theory. The ratio of the spin suseptibility of the inter-
ating system χs and that of the non-interating system
χ0s is given in equation (1). Thus, when strongly inter-
ating fermions have a large paramagneti suseptibility,
it an be interpreted as due to quasipartiles with large
eetive masses. It is, however, also possible that the sus-
eptibility is additionally enhaned due to the quasipar-
tile interation term 1/[1+F a0 ], whih is for instane the
ase in liquid
3He, where m∗/m0 ≃ 5 but χs/χ0s ≃ 20.25
This is usually desribed by the dimensionless Sommer-
feld or Wilson ratio R of the magneti suseptibility and
the linear spei heat oeient γ. We will use it in the
form R = (χs/χ
0
s)/(γ/γ0), where γ/γ0 = m
∗/m0.
Here we are interested in analyzing the behavior in
nite eld, and it is possible to alulate orretions of
higher order inH to equation (1).26 We will, however, fol-
low a dierent approah here, and assume that expression
(1) remains valid for nite eld with eld dependent ef-
fetive mass m∗(H) and Landau parameter F a0 (H). This
is in the spirit of the eld dependent quasipartile param-
eters introdued in earlier work
16,18,19
. Notie that for
the ase onsidered the eld dependene of χ0s, whih is
given by the non-interating density of states, varies very
little in the relevant eld range. In this piture with eld
dependent parameters, metamagnetism an our when
the eetive mass inreases with the magneti eld. Gen-
erally, however, also the eld dependene of the quasipar-
tile interation plays a role. One hypothesis, tested in
this paper, is that itinerant metamagneti behavior is al-
ways aompanied by a eld indued loalization and a
sharp inrease of the eetive mass near the metamag-
neti transition.
In order to alulate the mirosopi Fermi liquid pa-
rameters, we expand Σσ(ω) in powers of ω for small ω,
and retain terms to rst order in ω only. This is used to
dene renormalized parameters
16
µ˜0,σ = zσ[µσ − Σσ(0)], and zσ = 1/[1− Σ′σ(0)]. (6)
and from (3) a normalized quasipartile propagator,
G˜loc0,σ(ω) =
1
zσ
∫
dε
ρ0(ε/zσ)
ω + µ˜0,σ − ε . (7)
3Note that this ω-expansion an also be arried out in
nite magneti eld. Then the renormalized parameters
beome eld dependent, zσ = zσ(h) and µ˜0,σ = µ˜0,σ(h).
The density of states ρ˜0,σ(ε) derived from (7), ρ˜0,σ(ε) =
−ImG˜0,σ(ε+iδ)/pi = ρ0[(ε+µ˜0,σ)/zσ]/zσ, is referred to as
the free quasipartile density of states. zσ is interpreted
as the weight of the quasipartile resonane and µ˜0,σ gives
the position of the quasipartile band. All energies are
measured from the hemial potential µ.
To obtain the renormalized parameters zσ and µ˜0,σ, we
use two dierent methods based on the NRG approah.
The rst method is a diret one where we use the self-
energy Σσ(ω) determined by NRG and the hemial po-
tential µσ, and then substitute into equation (6) for zσ
and µ˜0,σ. The seond method is indiret, and it is based
on the quasipartile interpretation of the NRG low energy
xed point of the eetive impurity.
17
This approah has
been used earlier for the Hubbard model
16,27
and for the
Anderson impurity model in a magneti eld
18,19
. As
shown before the results of both methods usually agree
within a few perent, and we use an average value of both
methods for the numerial results presented later. It is
important to alulate these parameters aurately, sine
for the following results also their derivatives are needed.
We an alulate stati expetation values and re-
sponse funtions in terms of the renormalized parame-
ters. The quasipartile oupation number n˜0σ is given
by integrating the quasipartile density of states up to
the Fermi level,
n˜0σ =
0∫
−∞
dε ρ˜0,σ(ε) =
∞∫
−∞
dε ρ0,σ(ε)θ(µσ − Σσ − ε). (8)
Luttinger's theorem
28
holds for eah spin omponent for
the Hubbard model in magneti eld
16
, hene we have
n˜0σ = nσ, where nσ is the value of the oupation number
in the interating system at T = 0.
To alulate the magneti response we fous for the
rest of this paper on the ase with partile-hole symmetry
where µ = U/2, and we an write Σσ(0, h) = U/2−ση(h).
We an alulate η(h) diretly from the self-energy, e.g.
η(h) = (Σ↓−Σ↑)/2, or from the renormalized parameters
η(h) = µ˜0(h)/z(h)−h. At half lling we have z↑ = z↓ ≡ z
and µ˜0,↑ = −µ˜0,↓ ≡ µ˜0. We dene the funtion
g(h) := h+ η(h) = µ˜0(h)/z(h) = µ˜0(h)m
∗(h)/m0, (9)
as m∗/m0 = z
−1
in DMFT. In terms of the quasiparti-
les it is the produt of the eetive mass enhanement
m∗/m0 and the shift of the quasipartile band µ˜0. With
the appliability of Luttinger's theorem the magnetiza-
tion is then given by
m(h) =
1
2
(n↑ − n↓) =
∞∫
−∞
dε ρ0(ε)θ[g(h)− ε]− 1
2
. (10)
For a loal self-energy this is an exat expression for the
magnetization, whih only depends on the eld depen-
dent renormalized parameters via g(h). For ertain bare
densities of state, for instane, for the semi-elliptial den-
sity of states ρsem0 (ε), it an be evaluated analytially,
m(h) =
1
2
g(h)ρsem0 (g(h)) +
1
pi
arcsin(g(h)). (11)
Dierentiating (10) with respet to h yields the loal
stati spin suseptibility
χs =
dm
dh
= g′(h)ρ0(g(h)) (12)
where here and in the following primes indiate deriva-
tives with respet to h. A similar expression had already
been derived by Luttinger
28
. The metamagneti ondi-
tion χ′s(h) > 0 is then
g′′(h)ρ0(g(h)) + ρ
′
0(g(h))g
′(h)2 > 0. (13)
The ourrene of metamagneti behavior an be ana-
lyzed depending on the funtional form of g(h) and ρ0(ε).
For a simple analysis let us assume h > 0 and the power
law form for g(h) = c hα, c > 0. The rst term in (13)
is then positive if α > 1. For a onvex density of states,
ρ′′0(ε) > 0, the seond term is also positive and meta-
magneti behavior ours as mentioned earlier. For a
onave density of states, ρ′′0(ε) < 0, the two terms in
(13) ompete. If we also assume the power law form for
the density of states, ρ0(ε) = r0 − d εγ , (e.g. for ρsem0
one has r0 = 2/piD d = r0/2 and γ = 2) ondition (13)
beomes
r0
cγd
α− 1
α(1 + γ)− 1 > h
αγ , (14)
Sine the right hand side is positive, we an infer that for
α > 1 and γ > (1−α)/α metamagneti behavior ours.
The atual eld dependene of g(h) an be alulated
from the renormalized parameters and it depends on the
interation strength. As we will see for the half lled
Hubbard model and intermediate U , g(h) grows faster
than linear with h, i.e. α > 1.
In the limit of zero eld the ratio of the suseptibility of
the interating and non-interating system has a simpli-
ed expression in terms of the renormalized parameters,
χs
χ0s
= g′(0) =
m∗(0)
m0
µ˜′0(0), (15)
for µ˜0(0) = 0. Comparing with the Fermi liquid expres-
sion (1) we an identify 1/(1 + F a0 ) = µ˜
′
0. This quantity
orresponds to the Wilson ratio R. In the general ase,
the eld dependent enhanement due to the quasipartile
interations reads
R(h) =
1
1 + F a0 (h)
=
(
µ˜′0 + µ˜0
m∗′
m∗
)ρ0(µ˜0m∗m0 )
ρ0(h)
. (16)
So far the onsiderations have been independent of
our DMFT-NRG approah. In the following setion we
4will ompare results for the magneti suseptibility ob-
tained from the stati expetation values of integrating
the Green's funtions, with the results based on the eld
dependent parameters. We determine them as desribed
above. Alternatively they an be alulated by other
methods, suh as the Gutzwiller (GW) approah, and we
will make omparison as appropriate. Results are ob-
tained as in Ref. 7, where the ritial interation for the
metal insulator transition is UGWc = 16W/3pi ≈ 6.79 for
ρsem0 (ε) with W = 4.
IV. RESULTS
A. Magnetization and metamagneti transition
For a rst overview we present results for the magne-
tization m(h) as a funtion of eld h in Fig. 1 for vari-
ous values of U . The magnetization m(h) was omputed
from the stati NRG expetation value (EV) for the o-
upation number as well as from integrating the spetral
funtion to the Fermi level, both of whih agree very well.
The results for m(h) based on the eld dependent renor-
malized parameters (RP) and equation (11) are also in
good agreement, but not inluded in the gure.
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FIG. 1: (Color online) The loal magnetization m(h) as a
funtion of the magneti eld h for dierent values of U . We
an see that a metamagneti urvature sets in at U = 3. Inset:
Hysteresis urve for U = 4 (triangle up inreasing h, triangle
down dereasing h).
The plot gives a lear piture of the eld strength hpol
neessary to polarize the metal ompletely to m = 1/2.
For weak oupling it an be related to the rigid band
shift and a large eld h ∼ D is needed, but for larger
interation strength hpol is redued substantially. For
U ≥ 3 a metamagneti urvature in the magnetiza-
tion an be observed, and we see that in the Hubbard
model at zero temperature the metamagneti transition
eld
29 hm oinides with hpol, whih is not neessarily
the ase for T > 0. Laloux et al.11 have ompared re-
sults from low temperature DMFT alulations with the
Gutzwiller approximation and it was found that the o-
urrene of metamagneti behavior is overestimated by
the Gutzwiller approximation (see also Fig. 3).
Earlier work
11
showed that the transition is a dison-
tinuous rst order one at low temperature. Our results
show jumps in the magnetization urve at the transition
eld hm, e.g. for U = 3 and U = 4 in Fig. 1, however, we
an not exlude a very steep ontinuous inrease whih
an not be resolved numerially. We have also found hys-
teresis, shown for U = 4 as an inset in Fig. 1 (triangle up
inreasing h, triangle down dereasing h). This suggests
that the transition is also of rst order for zero tempera-
ture. For larger interation U ≥ 4.5 there exists a small
eld range near hm, where we have not found unique, well
onverged DMFT solutions, so no denite statement an
be made.
The half lled repulsive Hubbard model in magneti
eld an be mapped to the attrative one
30
, in whih the
hemial potential is related to the eld in the original
model, µ = U/2+h. The attrative model has been stud-
ied by the DMFT in situations, where superonduting
order was not allowed for
31,32
. A rst order transition
from a metalli to a pairing state for xed density was
found at a ritial interation. The ourrene of the
transition an be related to the metamagneti transition
here. A nearly polarized system orresponds to a low
density limit, and to estimate when the transition sets
in, one an analyze the two-body problem in the attra-
tive model and alulate the ritial Uc for bound state
formation. For a three dimensional ubi lattie the re-
sult is Uc ≈ 0.659W 30. With the given bandwidth this
orresponds to a value of Uc ≈ 2.64, whih is a reasonable
estimate for the interation strengths, where the metam-
agneti behavior is found here.
B. Magneti suseptibilities and quasipartile
properties
From the initial slope of the magnetization urves in
Fig. 1 we observe an inrease of the magneti susepti-
bility with the interation strength U . This inrease an
also be seen in the following Fig. 2 where we show the ra-
tio of zero eld suseptibility to the non-interating value
χ0s as funtion of U dedued from dierentiating the EV
for m(h) in the limit h→ 0.
For omparison we have also inluded the suseptibil-
ity alulated from equation (15) with the renormalized
parameters (RP) and their derivatives, as well as the re-
sults obtained from the Gutzwiller (GW) approximation.
EV and RP results agree very well, onrming the appli-
ability of Fermi liquid results in this metalli regime.
The GW results follow a similar trend but overestimate
the value for the suseptibility, whih beomes more pro-
nouned for larger U .
The inset plot shows the U -dependene of the eetive
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FIG. 2: (Color online) The U-dependene of the magneti sus-
eptibility χs. We ompare results dedued from the EV of
m(h) with ones obtained from the RP and from the Gutzwiller
(GW) approximation. The inset shows the eetive mass
m∗(U)/m0 and the Wilson ratio R(U) as a funtion of U .
mass and the Wilson ratio. In terms of Fermi liquid the-
ory and the expression (1) the inrease of χs with U an
be understood by the behavior of the eetive mass and
the progressive loalization tendeny, whih brings out
more the spin degrees of freedom of the eletrons. We
an see, however, that the eetive mass ratio is larger
than that of the magneti suseptibility. This dierene
an be attributed to the fator R = µ˜′0 = [1 + F
a
0 ]
−1
,
whih is due to the quasipartile interation. This fator
is larger than one for smaller values of U , but dereases
to values below one for stronger interation. This indi-
ates a sign hange of the parameter F a0 from negative
to positive. The omparison of the orresponding quan-
tities alulated in the GW approximation shows a qual-
itatively similar behavior for both m∗/m0 and R, when
U is small. For larger values of U in Fig. 2, however,
the eetive mass enhanement in the GW approah,
m∗/m0 = 1 − (U/UGWc )2, is muh smaller and R in-
reases with U in ontrast to the DMFT result.
We return the nite eld response and fous on the
metamagneti behavior whih is found for intermediate
values of U . Results for the ratio of the magneti susep-
tibility in nite and zero eld dedued from dierentiat-
ing the magnetization (EV) are ompared to the ones ob-
tained from the quasipartile parameters (RP) and equa-
tion (12). For ompleteness, we have also inluded results
from the GW approximation. This is shown in Fig. 3 for
U = 3 in the upper panel and U = 4.5 in the lower panel.
We an see that also in nite eld the results for the sus-
eptibility alulated from the EV for m(h) and the eld
dependent RP agree fairly well with a deviation of less
than 5%. For the ase U = 3 (upper panel) the results for
χ(h) based on the eld dependent RP are always smaller.
In both ases we nd rst a period where the suseptibil-
ity is nearly onstant, but then starts to inrease rapidly
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FIG. 3: (Color online) The h-dependene of the ratio of the
nite and zero eld magneti suseptibility χs for U = 3 (up-
per panel) and U = 4.5 (lower panel). We ompare results
dedued from the EV for m(h) with ones obtained from the
RP and the ones from the GW approah. The inset shows
the ratio of nite and zero eld eetive mass m∗(h)/m0(0)
and the Wilson ratio R(h)/R(0) as a funtion of h.
as h approahes hm. For U = 3 the values obtained from
the RP initially derease slightly with the eld, whih is
however inorret, and omes about through numerial
inauraies when determining the parameters and the
numerial dierentiation. As hm = hpol the magneti
suseptibility is zero for h > hm. At nite temperature
a suseptibility maximum is expeted. The results for
χs from the GW approximation show generally a similar
trend, but as mentioned earlier the metamagneti behav-
ior sets in at lower eld strengths.
A dierene in the behavior between the two ases is
visible in the two insets where the ratios of eld depen-
dent eetive masses to their zero eld values and the
eld dependent Wilson ratios R(h)/R(0) are plotted. For
the U = 3 ase the eetive mass dereases with the eld
whih is typial behavior in the weak oupling regime. It
an be understood by RPA approximations where spin
6utuations, whih give an eetive mass enhanement,
are suppressed in nite eld. The metamagneti inrease
of the suseptibility, however, an not be explained by
this. In terms of Fermi liquid theory it is related to the
magneti eld dependene of the quasipartile intera-
tion rather than the loalization tendeny enoded in the
eetive mass. R(h)/R(0) indeed is inreasing sharply
lose to hm. In equation (16) we have two ompeting
terms for this enhanement fator, m∗′/m∗ < 0, but one
nds µ˜′0 > |µ˜0m∗′/m∗| whih leads to the observed en-
hanement. The drive for the metamagneti behavior is
therefore due to the shift of the quasipartile band from
the Fermi level with inreasing eld. This ontrasts to
the weak oupling situation, suh as U = 2, where R(h)
dereases with the eld strength and no metamagneti
response is observed.
The eetive mass in the ase of U = 4.5 (lower panel
in Fig. 3) shows dierent behavior. We an see a sharp
inrease with the eld. However, the magnitude the ra-
tio m∗/m0 inreases is less than that of the suseptibil-
ity. The dierene again an be related to the Fermi
liquid fator R = 1/[1 + F a0 ], whih is larger than one
and inreasing with h as an be seen in the inset of the
lower panel in Fig. 3. In this ase the seond term in
equation (16) is positive and the rst term negative, but
|µ˜′0| < |µ˜0m∗′/m∗|. The results from GW approah for
the eetive mass and R are in line with the DMFT al-
ulations for the ase U = 3, however, for U = 4.5, the
GW result for m∗′/m∗ only inreases very little with the
eld, whereas R(h) inreases sharply to yield the meta-
magneti response.
For larger interations than the ones disussed here
(5 < U < Uc), one an enounter diulties to reah
onvergeny in the DMFT alulations with nite eld
as disussed in earlier work
16
. The results indiate, how-
ever, that there is a strong eld dependent enhanement
of the eetive mass whih is the main drive for the meta-
magneti response. The ratioR(h)/R(0) varies little with
h or even derease for larger elds. Suh a behavior is
also found within the GW approah for larger U near the
metal insulator transition.
C. Spetral funtions
The behavior of the quasipartile band an be seen
diretly in the loal spetral funtion. For the ases with
smaller oupling the eld dependent response shows a
ontinuous shift of spetral weight to lower energies for
the majority spin (see Fig. 4 for U = 2).
Note that the minority spin density of states ρ↓(ω) is
given by ρ↑(−ω) at half lling. To illustrate the behavior
of the quasipartile peak for the stronger interating ase
with U = 4.5 in more detail, we plot the loal spetral
funtion for the majority spin ρ↑(ω) in Fig. 5.
In the upper panel we an see how the lower Hubbard
peak in the spetral density aquires weight when the
eld and thene magnetization is inreased whilst the
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FIG. 4: (Color online) The majority spin density of states for
U = 2 and various eld strengths in omparison.
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FIG. 5: (Color online) The majority spin density of states
for U = 4.5 and various eld strengths in omparison: upper
panel full frequeny range, lower panel low frequeny behav-
ior.
7upper Hubbard peak loses spetral weight. The behavior
at low energy is seen more learly in the lower panel. At
rst sight the overall piture is reminisent of the partile
hole symmetri Anderson impurity model in the Kondo
regime in magneti eld
18
as far as the high energy be-
havior is onerned. The quasipartile resonane in the
loally orrelated system broadens and departs from the
Fermi level. This behavior ours in an analogous fash-
ion in the weak oupling regime of the Hubbard model
with µ˜′0(h) > 0. In the strongly orrelated ase, however,
we nd a signiant narrowing of the quasipartile peak
in the eld, whih is aompanied by the eld indued
metal insulator transition and metamagneti behavior.
The quasipartile resonane rst departs from the Fermi
energy, but for larger elds is driven bak to it. These
features are visible in the eld dependene of the renor-
malized parameter µ˜0 with µ˜
′
0 < 0 as disussed above.
V. RELATION TO EXPERIMENTS AND
CONCLUSIONS
It is of interest to see, whether the desribed be-
havior bears any resemblane with what is observed
experimentally in strongly orrelated itinerant eletron
system. Metamagneti behavior is observed, for in-
stane, in the heavy fermion ompounds CeRu2Si2
33,34
,
UPt3
35
or Sr3Ru2O7
34,36,37,38
and the Co-based metalli
ompounds suh as Y(Co1−xAlx)2,
39,40
sometimes alled
nearly ferromagneti metals. The mirosopi origin for
the ourrene of the eet in these ompounds an be
manifold, and is sometimes still ontroversial. In many
ases antiferromagneti exhange is thought be impor-
tant and the system's loseness to a magneti instability.
For generi features, we attempt to ompare our miro-
sopi Fermi liquid desription with experimental stud-
ies of itinerant metamagneti behavior in heavy fermion
ompounds. It is important, however, to be aware that
our results based on the paramagneti solutions of the
half lled single band Hubbard model are not appro-
priate to make quantitative preditions for those om-
plex systems. Organi ondutors are thought behave
like simple Mott-Hubbard systems and have been shown
to display a magneti eld indued loalization transi-
tion with hysteresis by resistane measurements.
41
The
author is, however, not aware of any published eld de-
pendent magnetization or spei heat data to ompare
to.
In materials suh as CeRu2Si2, UPt3 or Sr3Ru2O7
the magneti eld dependene of the linear spei
heat oeient γ was measured near the metamagneti
transition
33,34,35,38
. It is worth noting that, as an be
shown from a thermodynami identity, the eld depen-
dene of γ an also be extrated from T 2-oeient of the
magnetization
33
. In the experiments γ inreases with the
magneti eld and possesses a maximum at the metam-
agneti transition h = hm. This is omparable with the
Fermi liquid results for stronger oupling, e.g. the ase
U = 4.5 (Fig. 3 lower panel), where the eetive mass in-
reases with the magneti eld. In the ase of CeRu2Si2
34
one an see that the suseptibility inrease with the mag-
neti eld is up to about 8.5 times the zero eld value,
whereas in the same regime the spei heat oeient
only shows an enhanement of 1.6. In our Fermi liq-
uid interpretation this signals that the quasipartile in-
teration plays an important role in the suseptibility
enhanement and the metamagneti behavior. The rel-
evane of this has been emphasized in the reent exper-
imental work on Yb3Pt4.
42
A more areful quantitative
omparison would be possible based on the periodi An-
derson model, for instane. The presented approah an
be extended to this situation, but also other tehniques
are available
43,44,45,46
.
To summarize, we have analyzed the metamagneti
response of the half lled Hubbard model in terms of
renormalized quasipartile parameters and Fermi liquid
theory. The renormalized parameters an be alulated
aurately with methods based on the NRG, and they
have a lear physial meaning. It is shown that the eld
dependent metamagneti behavior an have part of its
origin in eld indued eetive mass enhanements, but
is not fully explained by this. This is most learly pointed
out in Fig. 3, where metamagneti behavior for smaller
U is aompanied by an eetive mass redution in the
eld, whereas for larger interation the opposite is the
ase. The omparison with results obtained from the
Gutzwiller approximation gives similar trends, but shows
quantitative deviations. The hypothesis that the meta-
magneti behavior in itinerant systems is always driven
by eld indued mass enhanement is therefore found to
be not valid. In the intermediate oupling regime it is
also shown that the eetive mass enhanement alone is
not suient to explain the metamagneti enhanement
and based on Fermi liquid theory arguments the quasi-
partile interation has to aount for the dierene. As
a generi feature there the orresponding term desribed
by the Wilson ratio R inreases near the metamagneti
transition. The opposite happens in the weak (no meta-
magneti response) and strong oupling situation. The
observation that only a part of the suseptibility enhane-
ment is based on the eetive mass is found to be qual-
itatively in agreement with experimental observations in
heavy fermion systems.
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